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Abstract
Animal welfare is a matter of increasing interest due to ethical and
economical worries regarding animal rights and the sustainability of
meat production. Ammonia, carbon dioxide, and methane can be pro-
duced in the livestock buildings and, if not adequately controlled by
ventilation, can be dangerous for animals and farmers. The aim of the
present paper is to study the effects of different ventilation systems in
rabbit buildings based on the temporal patterns and the spatial distri-
bution of these noxious gases. The experimental measurements were
conducted in two rabbit farms with genetically homogeneous animals
subjected to the same diet. Two buildings with different forced ventila-
tion layouts (cross ventilation - building A and longitudinal ventilation
- building B) were subjected to the monitoring of indoor environmen-
tal conditions (temperature, relative humidity, ammonia, carbon diox-
ide, methane) over a whole year. In both the buildings, ventilation was
adjusted automatically by means of electronic control units, which
were controlled by temperature sensors, located at the centre of the
buildings. Gas concentrations inside the buildings followed clearly
defined sinusoidal patterns on a daily basis with the highest values
reached in winter during the morning hours for ammonia and during
the night hours for carbon dioxide and methane. In particular, ammo-
nia revealed a maximum concentration of 30.7 mg m–3 in building A
(cross ventilation) and 12.9 mg m–3 in building B (longitudinal venti-
lation), whereas the minimum values were 6.0 and 4.2 mg m–3, in
building A and B, respectively. As a consequence, daily mean concen-
trations of noxious gases, solely could not be considered representa-
tive of the actual conditions of air quality in the buildings. The airflow
direction clearly influenced the spatial concentration of ammonia,
which showed different patterns in the two buildings. In building A,
the highest ammonia concentration was in a diffuse central area,
whereas in building B, it was determined to be less extended and locat-
ed in the proximity of the wall equipped with extraction fans. The
results of this study provide important indications for the planning and
management of housing systems for rabbits including: the correct
positioning of gas sensors for regulating ventilation systems must be
central in case of cross ventilation, but close to the suction fans in case
of longitudinal ventilation; the cross ventilation can lead to ammonia
concentration higher than longitudinal ventilation, which is caused by
the close and prolonged contact of airflow with manure surface in the
channels; fans for longitudinal ventilation must be positioned in the
same side of the building where scrapers discharge manure; further-
more, manure scraping has to be performed daily in winter during the
hours of the day when ventilation rate is at its maximum.
Introduction
The high levels of gases into the animal housing environment may
affect human and animal health (NIOSH, 2007). Furthermore, the pro-
duction of ammonia (NH3), carbon dioxide (CO2), and methane (CH4)
from intensive farming activities causes serious environmental effects
such as global warming, acidification of soils, and eutrophication of
waters (Krupa, 2003; Brandt et al., 2011).
Exposure limits for humans at the workplace (threshold limit value
– time weighted average, TLV-TWA), defined for working weeks of 40
h (8 working hours per day) are 25 ppm (17.8 mg m–3) for ammonia
and 5000 ppm (9000 mg m–3) for carbon dioxide (ACGIH, 2007).
However, the exposure of animals to these gases is continuous over
time, and often, emissions occur very close to the point of inhalation.
Monitoring of indoor air quality in relation to noxious gas concentra-
tions has been extensively conducted during past decades in many ani-
mal sectors, including dairy cattle, swine, and poultry and laying hens,
as reported by the Commission International du Genie Rural (CIGR)
(CIGR, 1994). Most attention was given to NH3, because of the relative
high concentration in livestock buildings and because the emissions
contribute to severe environmental damage (CIGR, 1994). NH3 produc-
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tion in livestock buildings is considered strongly variable in relation to
many farming factors (e.g., feeding, flooring, ventilation) and environ-
mental factors (e.g., air temperature, humidity, wind, and seasonal and
diurnal variations) (Calvet et al., 2013). CIGR (1994) reported the fol-
lowing results of NH3 measurements in livestock buildings of different
European Countries: 0-18 mg m–3 from houses for cattle, 1-36 mg m–3
from pig houses, and up to 36 mg m–3 from houses for laying hens.
Concerning the protection of animals kept for farming purposes, legis-
lation in force in the European Union states that gas concentrations
must be kept within limits which are not harmful to the animals
(European Commission, 1998), but the maximum concentration limits
for rabbits are not declared. The Working Group on climatisation of ani-
mal houses of CIGR, for all farming animals suggested a maximum
concentration of 20 ppm (corresponding to 14.2 mg m–3) and 3000 ppm
(corresponding to 5.490 g m–3), respectively for NH3 and CO2 (CIGR,
1994). These same limits are established by European legislation on
minimum rules for the protection of chickens kept for meat production
(European Commission, 2007), but the methods for gas monitoring in
animal housings have not been specified, and there are no standard
protocols that set parameters, the positioning of sampling points and
the duration of monitoring periods. Many Authors have recently
approached these aspects in different livestock buildings with different
monitoring methods, but they concentrated more on calculating emis-
sion rates from buildings than on detecting indoor gas concentrations
(de Sousa et al., 2004; Fabbri et al., 2007; Calvet et al., 2013). Naturally
ventilated buildings for dairy cows were monitored by Arcidiacono et al.
(2015) and they highlighted large variability of NH3 concentrations in
relation to many factors, such as the indoor climate and the airflow, the
time of measurement, the different functional areas of the barn, and
the cleaning routines.
There is scarce information about air quality and in particular about
gas concentrations in rabbit farms (Maertens et al., 2005; Hol et al.,
2004). The particular physiology of rabbits and the different housing
and manure management systems of rabbit farms do not allow for the
use of the equivalent emission factors specific for other animals.
Rabbit buildings can adopt various types of ventilation systems (natur-
al ventilation, forced ventilation in negative pressure with transverse
layout, longitudinal, or mixed) and ventilation rates can vary largely in
dependence of day hours and season (CGIR, 2002). Indeed, there is the
probability that peaks in ammonia emission occur during the day
(Lefcourt, 2002). For these reasons, environmental conditions of rabbit
buildings cannot be effectively described by only considering average
values, but should be more properly described by monitoring protocol
with detailed measurements in function of time and space. The present
paper describes the methodologies of environmental monitoring and
the main results obtained by a research carried on for one year in two
fattening rabbit farms with diverse forced ventilation layouts (cross
and longitudinal). The objectives of this work are to expand the frame-
work of knowledge on these aspects and study the effects of forced ven-
tilation on the daily and spatial variability of NH3, CO2 and CH4 concen-
trations.
Materials and methods
The experimental measurements were performed in two rabbit
farms which bred rabbits of the same genetic type, fed with the same
diet, during one year and for a total of four fattening cycles (from wean-
ing to adult rabbit). The structures and the ventilation equipment of
the two buildings are described accordingly.
Building A
Building A had a floor area of 560 m2 (40 m long × 14 m wide), eaves
height of 2.60 m and a height of the hipped roof of 3.30 m, for a total
volume of 1624 m3 (Table 1). Forced ventilation was cross-sectional:
the air inlets were located on the longer side oriented Southeast,
whereas extractor fans (in number of 7) were set on the opposite side
oriented Northwest. There were five rows of battery cages for a total of
651 does-places, and a maximum capacity of 5700 fattening rabbits.
The animals were weaned at the age of 38 days and were slaughtered
at 77 days of age, at an average live weight of 2.6 kg head–1. The spe-
cific live weight (l.w.) load corresponded to 26.5 kg l.w. m–2 and 9.1 kg
l.w. m–3.
Building B
Building B had a floor area of 513 m2 (57 m long × 9 m in width),
eaves height of 3.50 m, and height of the hipped roof of 4.60 m for a
total volume of 2103 m3 (Table 1). Forced ventilation was longitudinal:
four extractor fans were arranged on the North head, whereas the air
inlets were located on the median part and on the opposite end of the
sidewalls. The battery cages were arranged in three rows for a total of
828 does-places and a maximum capacity of 6500 fattening rabbits. The
animals were weaned at the age of 42 days and were slaughtered at 84
days of age at an average live weight of 2.8 kg head–1. The specific
weight load corresponded to 35.5 kg live weight m–2 and 8.7 kg m–3.
In both the buildings, ventilation was adjusted automatically by
means of electronic control units, which were controlled by tempera-
ture sensors, located at the centre of the buildings. In winter, the min-
imum air flow was ensured by means of ventilators set at the minimum
rotation speed for temperatures below 16°C. With the increase of
indoor temperature, the airflow was regulated, increasing the number
of functioning ventilators and their rotation speed by means of elec-
tronic inverter systems. Moreover, the side windows were equipped
with panels of wetted cellulose to provide evaporative cooling during
the summer months. The animal excreta were collected in manure
shallow channels below batteries, and their removal was performed
daily in the morning at 9:00 a.m. using mechanical scrapers.
Parameters and instruments
The indoor climate (temperature and relative humidity) was moni-
tored with resistance thermometer sensors (dry and wet bulbs) posi-
tioned centrally close to the sensors of the control unit for the ventila-
tion system and were linked to mini-data loggers (Econorma FT-102,
Italy) that recorded data every 30 min (Figure 1). Air speed measure-
ments were implemented in several points of the fan output section
with a hot wire anemometer (Babuc M, LSI-Lastem, Italy), and the air-
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Table 1. Main technical and productive parameters of the two
rabbit housings subjected to environmental monitoring (build-
ing A, cross-ventilation; building B, longitudinal ventilation).
Parameters                                         Building A          Building B
Ventilation layout                                                    Cross                   Longitudinal
Building length × width (m)                            40.0×14.0                    57.0×9.0
Initial load of rabbits (number)                          5700                            6500
Duration of the growing period (days)                38                                42
Slaughtering weight (kg head–1)                           2.6                               2.8
Specific l.w. load on surface (kg m–2)                 26.5                             35.5
Specific l.w. load on volume (kg m–3)                  9.1                               8.7
l.w., live weight.
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flow was calculated as the product of the average air speed and the out-
let area. The total airflow applied in each building was assessed taking
into account the number, the working time, and the rotation speed of
fans. The concentration of gases (NH3, CO2, and CH4) was measured
with two multi-gas analysers (Brüel&Kjær 1302, Denmark) based on
infrared-photoacoustic spectroscopy.
Monitoring protocols and sampling points
The experimental activity in the two farms continued for a whole
year in order to cover a full fattening cycle for each season of the year.
The monitoring of gases was done during one week after weaning and
one week before slaughter, aiming to determine the temporal and spa-
tial variability of the concentrations of gases, as described hereinafter.
The temporal variability was determined with the automatic and con-
tinuous monitoring during each week, establishing a sampling rate
equal to 30 min by placing the sampling point in a central location of
the buildings in contact with the upper part of the cages in the vicinity
of the animals (Figure 1). The spatial variability was determined only
for NH3 every last day of each monitoring period, when the load of live
weight was at maximum level; therefore, the most critical environmen-
tal conditions were to be expected. The air sampling was performed
manually by displacing the monitor sampling tubes at predetermined
points along the rows of the batteries (in 13 points for building A, in 11
points for building B, Figure 1) and retrieving the air from the vicinity
of the cages. In each survey point, samples were subjected to examina-
tion at intervals of 2 min, using 5 stable measurements to calculate the
representative mean for each sampling point.
Data analysis
To compare the excursions of measured values in the two farms, in
the four seasons, and in different points of measurements, the follow-
ing Equation was used (1):
                                                                                                                
                                                                   (1)
where Ch, p is the value at hour h or in the point p, µ is the average con-
centration of that gas (on time or space basis). In this way, for all the
measurements, the values Xh, p fluctuated more or less widely, with pos-
itive or negative sign around 0. The daily variation rhythm of the gas
concentration was modelled using the following Equation (2), derived
from the Fourier transformed series proposed by Calvet et al. (2011):
                                                  (2) 
where A is the modelled amplitude of the data Xh, ti is time (h), tmin is
the time at which the minimum value is achieved (h) in the span of the
period of 24 h. For each data set Xh, the terms A and tmin of the Equation
(2) and the related coefficients of determination R2 were calculated
with SEMoLa 6.4.5 modelling framework (Danuso and Rocca, 2012).
The performance of the spatial distribution for the gas concentration
has been described in graphical form, by processing the data with the
software Surfer 8.0 (Golden Inc., 2002), using the minimum curvature
gridding method and producing their related iso-concentration maps. 
Results and discussion
Environmental conditions
The daily average indoor temperature in the monitoring periods
ranged from the lowest value of 12.5°C, recorded in winter in building
B, to the highest value 25.6°C in summer in building A (Table 2). The
daily average relative humidity ranged from the lowest value of 55.0%
in spring, to the highest value of 71.2% in winter, both in building B.
Passing from winter to summer, the specific flow rate of ventilation
increased from 0.75 to 3.15 m3 h–1 kg–1 of l.w. in building A, and from
0.30 to 5.4 m3 h–1 kg–1 of l.w. in building B.
Gas concentration
Average gas concentrations measured in the central part of the
buildings was determined to be higher in winter and autumn (Table 2).
The maximum level of 14.2 mg m–3 (20 ppm) recommended by CIGR
(1994) was surpassed only in building A (30.7 and 15.2 mg m–3 , in win-
ter and in autumn, respectively). The higher NH3 concentrations meas-
ured in building A could be explained by various hypotheses: i) a higher
production of NH3, as a consequence of higher air temperatures and a
relatively higher animal load; ii) a higher volatilisation with cross ven-
tilation, since airflow is forced to pass beneath the cages in continued
contact with manure channels. Instead, with longitudinal ventilation,
the air tends to flow along the corridors between the cages; iii) inciden-
tal suction of air from the output slots of the manure channels, which
communicate with external storage tank; in building B with the longi-
tudinal ventilation, the outlet of the channels is just beneath the fans,
so there is the immediate evacuation of the exhausted air.
                             Article
Table 2. Indoor climatic conditions, airflow rates, and gas concentrations in the two rabbit houses (building A, cross - ventilation;
building B, longitudinal ventilation). Mean values ± standard deviation of each parameter are reported, during the monitoring week
in the four seasons.
                           Building       Temperature           Relative humidity              Airflow rate                NH3                    CO2                   CH4
                                                        (°C)                              (%)                      (m3 h–1 kg–1 l.w.)       (mg m–3)            (g m–3)           (mg m–3)
Winter                               A                        16.3±1.2                                 71.0±5.1                                   0.75±0.05                     30.7±4.1                   3.1±0.4                    8.1±2.1
                                           B                        12.5±0.5                                 71.2±0.3                                   0.30±0.02                     12.9±1.3                   3.0±0.5                    3.7±1.1
Spring                                A                        19.0±3.1                                 55.8±0.1                                   1.35±0.15                      6.8±1.4                    1.4±0.3                    2.5±0.7
                                           B                        18.2±2.3                                 55.0±1.3                                    2.4±0.20                       5.6±1.5                    1.2±0.2                    3.8±0.8
Summer                            A                        25.6±1.7                                 59.7±4.7                                   3.15±0.25                      6.0±1.7                    1.6±0.4                    5.8±2.3
                                           B                        24.8±2.2                                 67.7±1.8                                   5.40±0.60                      4.2±1.7                    1.3±0.3                    6.3±1.4
Autumn                              A                        18.8±0.8                                 68.4±3.4                                   0.95±0.25                     15.2±3.5                   2.8±0.4                    8.2±2.0
                                           B                        17.5±3.4                                 58.5±7.9                                    1.6±0.60                       8.5±1.4                    1.8±0.2                    0.6±0.3
l.w., live weight.










The highest levels of CO2 were measured in winter (3.1 and 3.0 g m–3,
in building A and B, respectively), but during all the monitoring period
they were lower than the maximum recommended by the CIGR (5.5 g
m–3, equal to 3000 ppm). Research carried out by other authors (Calvet
et al., 2011; Estellés et al., 2011) reported maximum concentrations of
NH3 up to 14.3 mg m–3, only slightly above the maximum threshold rec-
ommended by CIGR, and maximum concentrations of CO2 up to 7.0 g
m–3 recorded in winter.
The concentrations of CH4 in different seasons ranged from 0.6 mg
m–3 to 8.2 mg m–3 (0.9-12.3 ppm), with the highest concentrations
found in autumn (building A) and in summer (building B) (Table 2).
Data on concentrations of methane in the intensive farming of rabbits
are very scarce in the literature. Calvet et al. (2011) determined aver-
age methane concentrations below 6.7 mg m–3 (10 ppm).
Variations of gas concentration in time and space
Indoor gas concentrations showed daily sinusoidal patterns, follow-
ing regression Equation (2) with different accuracy degrees. Reported
in Table 3 are coefficients of determination (R2) and values of the
amplitude (A) and of the time at which the minimum values were
reached (tmin). Illustrated in the graphs of Figures 2-5 are the trends of
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Figure 1. Schemes of the two rabbit buildings (building A, cross-ventilation; building B, longitudinal ventilation), with location of air
inlets, fans, the measuring points for climatic parameters, and gas concentrations.
Table 3. Coefficient of determination (R2) and terms (A, amplitude; tmin, time at which the minimum value of concentration is reached)
of the modelled equation for the description of daily variations of gas concentration in two rabbit housings (building A, cross-ventila-
tion; building B, longitudinal ventilation).
                                                                                    Building A                                                                        Building B
Season             Gas                                  R2                       A                        tmin (h)                            R2                    A                 tmin (h)
Winter                     NH3                                          0.758                         0.16                                23:00                                     0.918                     0.13                       21:30
                                 CO2                                          0.857                         0.17                                14:24                                     0.513                     0.15                       13:00
                                 CH4                                          0.889                         0.34                                14:00                                     0.716                     0.35                       12:54
Spring                     NH3                                          0.799                         0.25                                17:12                                     0.761                     0.34                       15:42
                                 CO2                                          0.898                         0.26                                15:54                                     0.731                     0.15                       14:30
                                 CH4                                          0.856                         0.38                                14:30                                     0.339                     0.16                       12:54
Summer                 NH3                                          0.666                         0.32                                19:24                                     0.922                     0.55                       16:06
                                 CO2                                          0.855                         0.32                                15:12                                     0.952                     0.29                       15:06
                                 CH4                                          0.737                         0.48                                14:42                                     0.959                     0.30                       13:48
Autumn                   NH3                                          0.733                         0.27                                18:54                                     0.810                     0.20                       18:36
                                 CO2                                          0.606                         0.16                                15:06                                     0.770                     0.16                       16:18
                                 CH4                                          0.700                         0.28                                14:48                                     0.069                     0.16                       17:18
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the modelled equations for the gases in the two buildings, both in win-
ter and summer conditions. Daily excursions of gases were larger in
the summer, and the values of amplitude of NH3 were highest, respec-
tively 0.32 and 0.55 in building A and B. Estellés et al. (2010a, 2010b)
discovered amplitude for CO2 of ±16.1% and tmin at 02:54 p.m., which
seems to coincide quite well with the equations modelled in these two
buildings for autumn and winter. Daily concentration patterns of CO2
and CH4 were similar to each other during winter and summer, with tmin
that occurred in daylight hours, between the 12:54 a.m. and 03:12 p.m.
NH3 concentrations showed patterns shifted with respect to other
gases, with tmin in summer reached in the afternoon, at 04:06 p.m.
(building B) and at 07:24 p.m. (building A), and in winter in the
evening hours 09:30 p.m. (building B) and 11:00 p.m. (building A). In
winter, the maximum concentrations of NH3 were reached in daylight
hours between the hours of 09:00 a.m. and 11:00 a.m.. Similar patterns
in the trend of the concentration of NH3 were described by Calvet et al.
(2011). The increase in the concentration of NH3 during the morning
hours may have been caused by the operations of removal of manure in
Figure 2. Daily patterns of relative gas concentration (Xh) in winter in rabbit building A with cross-ventilation. Symbols refer to hourly
measured concentrations of different gases; full lines describe the modelled patterns.
Figure 3. Daily patterns of relative gas concentration (Xh) in summer in rabbit building A with cross-ventilation. Symbols refer to
hourly measured concentrations of different gases; full lines describe the modelled patterns.
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Figure 4. Daily patterns of relative gas concentration (Xh) in winter in rabbit building B with longitudinal ventilation. Symbols refer
to hourly measured concentrations of different gases; full lines describe the modelled patterns.
Figure 5. Daily patterns of relative gas concentration (Xh) in summer in rabbit building B with longitudinal ventilation. Symbols refer
to hourly measured concentrations of different gases; full lines describe the modelled patterns.
the two farms, which occurred between 08:00 a.m. and 09:00 a.m. The
scrapers were operating effectively for removal of solid manure, but the
bottom of the channels remained wet of urine, which was identified as
the main cause of emissions of NH3 (Groot Koerkamp et al., 1998). The
concentration of ammonia in livestock buildings has been distributed
with evident spatial gradients dependent on season and building.
Reported in the graphs of Figures 6 and 7 are the gradients in winter,
when the highest concentrations of NH3 were reached. The graphs
demonstrate the values Xp, expressed by the transformation of
Equation (1), and the areas with higher concentrations with respect to
the mean are enclosed by the curves denoted by positive values. In both
the buildings, the measured NH3 concentrations followed the pattern
theoretically expected on the basis of airflow direction, with the lowest
concentration near the air inlet and the highest near the outlet; how-
ever, some unexpected behaviours were found. In fact, in building A,
the highest NH3 concentrations were found in an extended area from
the central part of the building, shifted toward the longitudinal wall
equipped with the fans and slightly toward the wall with manure chan-
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nels outlet. In building B, the highest concentrations were reached in
a well-defined area toward the fans, but in the major part of building
asymmetry of NH3 concentrations was observed between East side and
West side of the walls. Several hypotheses could explain these phenom-
ena: i) influence of pressure due to the wind from outdoor, in relation
to the presence of obstacles near the windows (trees, other equipment,
and buildings). This could be the case of building B where a similar
building was located a few meters from West wall; ii) incoming air from
other incidental openings of the buildings (doors, outlet of the manure
channels, as discussed above, shutting of the fans not perfectly air-
tight).
Conclusions
The quality of the indoor environment of rabbit buildings is con-
trolled by the ventilation systems and is not assessable solely by the
daily mean concentration of gases in the buildings. The present study
demonstrated that indoor gas concentrations followed a sinusoidal pat-
tern on a daily basis, with the most critical periods for NH3 during the
morning hours. This behaviour was similar both in cross-ventilated
and longitudinally ventilated buildings, which was mostly related to the
manure scraping operations. For reducing the peaks in NH3 concentra-
tion, it might be useful to perform removal of manure during the cen-
tral hours of the day, when airflow rate is at maximum value.
Ventilation layouts influenced spatial distribution of internal NH3 con-
centrations. The highest NH3 concentrations were found in an extend-
ed area of the central part of the building with cross-ventilation and in
a more limited area of the building towards the walls of the fans with
longitudinal ventilation. These behaviours were only partially deter-
mined by the expected accumulation of NH3 along the airflow trajectory
from the inlet to the outlet. Other phenomena might have influenced
the different gas patterns in the two ventilation systems which include:
the more prolonged contact of airflow with manure in the building with
cross ventilation; the suction of air from incidental openings (i.e., from
the outlets of manure channels in the building with cross ventilation);
the variable pressure of the wind from outside the building, which
might influence differences in air incoming from the two longitudinal
walls in the building with longitudinal ventilation. The automatic con-
trol of forced ventilation on the basis of the internal air temperature
only, as normally applied in rabbit buildings, could not adequately
ensure favourable air quality. It could be useful to adopt the automatic
control of ventilation by using gas detection sensors. In this regard, the
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Figure 6. Spatial patterns of relative ammonia concentration (Xp) in rabbit building A with cross - ventilation, in winter. Positions of
air inlets, fans, and manure discharges are indicated.
Figure 7. Spatial patterns of relative ammonia concentration (Xp) in rabbit building B with longitudinal ventilation, in winter. Positions
of air inlets, fans, and manure discharges are indicated.
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present study has prompted the conclusion that CO2 monitoring (for
which there are reliable sensors with relatively low cost) is not suffi-
cient, and it is necessary to provide NH3 monitoring (however, for
which reliable sensors are more expensive). In order to avoid critical
conditions, the displacement of gas sensors should be at the top of the
cages in a central position with cross-ventilation and adjacent to the
fans with longitudinal ventilation.
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